The process of curing an epoxyamine composite was investigated by methods of dynamic mechanical analysis and rotational viscometry. The service characteristics of the cured composites depend on the curing process and are directly related to the process kinetics and to change in the rheological characteristics.
INTrODuCTION
Materials based on epoxy oligomers have been widely used in industry owing to their combination of valuable properties. However, these materials are fairly brittle, which makes their use for critical articles considerably more difficult. One of the ways to increase the strength of cured composites is to modify them. Recently, increasing use as modifiers has been made of thermoplastic polymers, the introduction of which leads to strengthening of the composite without any significant reduction in its heat resistance [1] .
The study of curing processes is important in the production of materials with the prescribed properties. Features of the structure formation process determine the degree of curing (i.e. the constancy of properties during service) and the final service characteristics. Therefore, investigation of the curing of composites based on reactive oligomers and their mathematical description are important tasks.
maTErIaLS aND mETHODS
The investigation was conducted on a composite based on epoxy oligomer ED-20 (70 wt%) cured with diaminodiphenylsulphone DADPS (30 wt%); the modifiers used were polysulphone (PSP) of grade Ultrason S 2010 (BASF) and polyesterimide (PEI) of grade Ultem 1010 (General Electric). The modifiers (5, 10, 20 parts) were dissolved in the epoxy oligomer during constant stirring (~300 rev/min) at 120°C without the addition of solvents. The time of combination (to complete dissolution) varied from 2 h with the addition of 5% modifiers to 24 h with the addition of 20% modifiers. The obtained mixes do not separate out into layers during storage under normal conditions. The curing agent was added to them as needed, and the systems were prepared for subsequent investigation.
The change in viscosity during curing to the gelation point was studied by rotational viscometry on a Rheotest-21 model (MLW) with a cone-plane working unit.
rESuLTS aND DISCuSSION
The first stage of the curing process -gelation -is usually investigated by rotational viscometry. The dependence of viscosity on curing time and temperature and the working life are important characteristics of the curing system.
At the initial stage of the curing process, of considerable duration, the time dependence of viscosity is described satisfactorily by an exponential equation, which is satisfied at least to values η ≈ 10 3 Pa s:
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This dependence is characteristic of different systems. Such a representation of the dependence η(t) is convenient for carrying out practical calculations. However, use of this method to describe the experimental data does not make it possible to determine the true gelation time, which formally satisfies the condition η → ∞, as formula (1) does not anticipate the existence of such a limit.
Gelation is often defined as the point at which the viscosity increases sharply, or as the point at which flow separation occurs at minimal shear rate. Classical theory indicates that the viscosity at a constant shear rate approaches infinity at the gel point.
One of the trends in the modification of epoxy systems is to introduce thermoplastic polymers capable of strengthening the cured composites. In contrast to oligomeric and rubber additives, thermoplastics make it possible to increase the impact characteristics of epoxy composite materials or adhesive systems without significantly reducing their heat resistance. Depending on the designation and the required strength properties, the content of polymeric modifier can reach up to 50 parts.
In order to determine the optimum parameters of the structure formation process, a study was made of the influence of thermoplastic modifiers PEI and PSP on the process of curing epoxy oligomer ED-20.
The introduction of thermoplastic polymers has different effects on the rheological properties of the curing system: the change in gelation time must be noted above all.
Thus, when PSP is introduced into the system, there is a reduction in the gelation time, and when PEI is introduced, conversely, there is a certain increase in the gelation time. Increase in the gelation time may be caused by increase in viscosity and accordingly by reduction in mobility when modifiers are added, and also by dilution of the system. Acceleration of the curing process in the presence of PSP is probably due to the presence in the PSP of hydroxyl groups which catalyse the curing process.
In the literature, a number of methods are described for determining the gelation time of curing oligomers. In Winter's opinion [2] , the gelation time can be determined from the moment of intersection of the dependences of G′ and G″ on curing time. However, as the elastic moduli and loss modulus depend in different ways on the frequency of loading, the position of the gel point when the given method is used will be determined not only by the properties of the material but also by the choice of the experimental frequency of its deformation. In work by Malkin and Kulichikhin [3] , it is suggested that the gelation time be defined as the moment of separation of the reaction mass from the surface of the measuring unit of the rotational viscometer at a minimal shear rate. As the actual shear rate has a certain value but does not tend to zero, the gelation time in the work was determined by extrapolating to zero the dependence of inverse viscosity on curing time. The values of the gelation time are presented in Table 1 .
In a study of the process of curing by the viscometric method, lg η-t dependences were plotted, on the basis of which the constant k η of equation (1) was determined ( Figure 1 ).
As can be seen from Figure 1 , in the process of curing, on individual sections a reduction in the viscosity of the system occurs, which indicates the precipitation of the modifier into a separate phase.
The high-molecular-weight polymer dissolved in the oligomer increases its viscosity and flow resistance; as particles of the new phase, which acts as a filler, are formed, the polymer concentration in the solution decreases, and here there is a reduction in the overall viscosity of the system. In a study of the kinetics by the DMA method, even with short curing times, a second peak appears on the temperature dependence of the mechanical loss tangent, which indicates phase separation. The type of phase separation affects the impact strength of the composites being formed.
The curing process is incomplete at the gelation point. This is indicated, for example, by calorimetric data. Even clearer results are given by studying the process of curing of the investigated composite after the gelation point by the DMA method [4] . The dependences of the elastic modulus G′ and the mechanical loss tangent tg δ on curing time at different temperatures were obtained.
In the general case, the degree of transformation is determined by the DMA method by means of the equation: (2) where G is the time-dependent elastic modulus, G 0 is the initial elastic modulus, and G ∞ is the final elastic modulus of the entirely cured specimen which hypothetically remains in the rubbery state.
However, in the situations investigated in this work, the material undergoes glass transition during the curing process.
It was established that the introduction of 5 parts PSP and 5 parts PEI at T = 140°C leads to a small reduction in the glass transition temperature. This is due to an increase in the defectiveness of the structure of the three-dimensional network and to a reduction in its density when the kinetic conditions are altered.
It was shown that the introduction of thermoplastic blends leads to a considerable increase in the impact strength of the binders. The optimum ratios of the components were selected, and here the glass transition temperature does not change significantly.
CONCLuSIONS
Thus, using different physicochemical methods, the processes of curing reactive oligomers were studied. Results obtained by different methods were compared, and the relationship between features of the curing processes and the service characteristics of the cured polymers was demonstrated. 
